The mass-selected infrared photodissociation (IRPD) spectroscopy was utilized to investigate the interactions of cationic cobalt with carbon dioxide molecules. Quantum chemical calculations were performed on the [Co(CO 2 ) n ] + clusters to identify the structures of the low-lying isomers and to assign the observed spectral features. All the [Co(CO 2 ) n ] + (n=2−6) clusters studied here show resonances near the CO 2 asymmetric stretch of free CO 2 molecule. Experimental and calculated results indicate that the CO 2 molecules are weakly bound to the Co + cations in an end-on configuration via a charge-quadrupole electrostatic interaction. The present IRPD spectra of [Co(CO 2 ) n ] + clusters have been compared to those of Ar-tagged species ([Co(CO 2 ) n ] + -Ar), which would provide insights into the tagging effect of rare gas on the weakly-bounded clusters.
I. INTRODUCTION
The transformation of carbon dioxide CO 2 in chemistry continues to be a subject of intensive investigation because of the double-faced property of CO 2 , a primary cause to global warming and an abundant renewable resource for the production of fine chemicals and clean fuels [1] [2] [3] . Metal complexes are widely involved in the catalytic activation of CO 2 molecule [4, 5] . In particular, extensive theoretical and experimental studies have been performed with particular focus on the transition metal catalyst. Modern laboratory-based intense, tunable infrared systems and spectroscopy afford a fundamental insight into the reaction on the carbon dioxide with ions, which provide detailed information for mechanistic understanding at the molecular level [6] [7] [8] [9] [10] [11] .
Cluster spectroscopy and quantum chemical calculations have been utilized to investigate the interaction of carbon dioxide with neutral, cationic, and anionic metal atoms in the gas phase [12] [13] [14] [15] . In the neutral complexes, monodentate coordination M(η 1 -CO 2 ), bidentate coordination M(η 2 -CO 2 ), or inserted OMCO † Part of the special issue for "the 19th International Symposium on Small Particles and Inorganic Clusters" ‡ These authors contributed equally to this work. * Author to whom correspondence should be addressed. E-mail: ljiang@dicp.ac.cn structures have been observed [12, 16, 17] . − has also been identified [24] .
Generally, the M + -OCO configuration is common in the cation-CO 2 complexes. The metal cations bind to the oxygen atom of CO 2 in an end-on configuration as a result of charge-quadrupole electrostatic interaction [25] [26] [27] [28] [29] [30] [31] . However, for the larger [M(CO 2 ) n ] + (M=Ti, Ni, Si; n≥5) complexes, the spectra provide evidence for an intracluster insertion reaction that produces a metal oxide-carbonyl [OMCO(CO 2 ) n−1 ] + species [28] [29] [30] . The oxalate-type
+ species has been proposed in the interactions of vanadium cations with carbon dioxide molecules [31] . Recently, infrared photodissociation (IRPD) spectroscopic study of rare gas-tagged [M(CO 2 ) n ] + -Ar (M=Co, Rh, Ir; n=2−15) clusters suggested the formation of a core [M(CO 2 ) 2 ] + structure, to which the subsequent ligands are less strongly bound [32] . In this work, we report the IRPD spectra of untagged [Co(CO 2 ) n ] + clusters, in which structural assignment is aided by density functional calculations. The combination of experimental and calculated IR spectra of [Co(CO 2 ) n ] + (n=2−6) reveals that the CO 2 molecules are weakly bound to the Co + cations in an end-on configuration via a charge-quadrupole elec-trostatic interaction.
II. EXPERIMENTAL METHOD
The experiments were carried out on an IRPD instrument, which has been described in detail in our previous work [33] . Briefly, the experimental setup consisted of a laser vaporization supersonic cluster source, a tandem time-of-flight (TOF) mass spectrometer, and a tunable infrared laser source. The 532 nm output of a Nd:YAG laser was focused on vaporizing the rotating metal target. The purities of the target was higher than 99.9%, and the surface of the target was polished prior to the experiments to ensure a clean vaporization target. The [Co(CO 2 ) n ] + complexes were produced by the reactions of the vaporized species with CO 2 . The stagnation pressure of the reaction gas was approximately 5−8 atm and the gas was introduced into the vacuum region through a pulsed valve (General Valve, series 9). After free expansion, all products were skimmed into the acceleration region and analyzed using the first stage of the TOF system. The cations of interest were mass-selected and decelerated into the extraction region of the vertical second stage of the TOF system. Here, a pulsed infrared laser was irradiated to the selected cationic packet in the acceleration region of the vertical second stage TOF mass spectrometer, which analyzed the dissociation fragments and the remaining parent cations. Typical spectra were recorded by scanning the infrared laser in the step size of 2 cm −1 . IRPD spectra were obtained by recording the fragment cations as a function of the tunable IR laser wavelength.
The tunable infrared laser beam was generated by a KTP/KTA optical parametric oscillator/amplifier system (OPO/OPA, LaserVision) pumped by an injectionseeded Nd:YAG laser (Continuum Surelite EX). The system provided tunable IR output radiation from 700 cm −1 to 7000 cm −1 with a line width of 1 cm −1 . The wavelength of the OPO laser output was calibrated using a commercial wavelength meter (Bristol, 821 Pulse Laser Wavelength Meter).
III. COMPUTATIONAL METHOD
Quantum chemical calculations were carried out to study the structures, bonding, and vibrational spectra of [Co(CO 2 ) n ] + using the Gaussian 09 package [34] . The structures were optimized by B3LYP hybrid functionals augmented with a dispersion correction (B3LYP-D) together with the 6-311+G(d,p) basis set for all elements. The integral grid used for the calculations was a pruned (99 590) grid (the "ultrafine" grid as defined by Gaussian 09). Relative energies and binding energies included zero-point vibrational energies. The harmonic vibrational frequencies were scaled by a factor of 0.964, which was determined by the ratio of the experimental value (2349 cm −1 ) to the B3LYP-D calculated one (2437 cm −1 ) of free CO 2 molecule. The resulting stick spectra were convoluted by a Gaussian line shape function with a full width at half maximum line width of 6 cm −1 , in order to account for line-broadening effects.
All of the energy minima have been verified by vibrational frequency calculations. We checked the ground state multiplicities for the lowest-energy isomers and those with close energies. The triplet state was the lowest in energies for all of the structures.
IV. RESULTS AND DISCUSSION

A. Experimental results
The mass spectra of the [Co(CO 2 + clusters were introduced into the infrared photodissociation region. The cations absorbed IR photons and fragmented when the vibration of the cation was resonant with the tunable IR laser frequency. The lowest dissociation energy of n=1 was calculated to be 97.8 kJ/mol at the B3LYP-D3/6-311+G(d,p) level of theory ( Table I ). Assuming that the internally cold [Co(CO 2 )] + is formed, the absorption of at least four photons around 2350 cm −1 is required to overcome the dissociation limit. The single pass of photon fluence generated from the table-top LaserVision system might be insufficient to induce photofragmentation of [Co(CO 2 )]
+ under the present experimental conditions. Beginning at the n=2 cluster, the fragmentation was + core, and the additional vibrational bands were ascribed to the more weakly bound CO 2 ligands [32] .
B. Comparison of experimental and theoretical results
For each cluster of n=2−6, the structures, energetics, and simulated IR spectra of the isomers are shown together with the corresponding experimental IRPD spectra in FIGs. 3−7, respectively. In FIG. 3 , the lowest-lying structure of [Co(CO 2 ) 2 ] + cluster (labeled 2A) has an end-on linear configuration with the two CO 2 molecules terminally bonded to the Co cation. The next energetically higher isomer (2B, +302.9 kJ/mol) consists of a bidentate double oxygen metal-CO 3 and a terminal CO. The CO 2 antisymmetric stretching vibrational frequency in the 2A isomer is calculated to be 2386 cm −1 , which is in agreement with the main experimental feature of 2368 cm −1 . In the simulated IR spectrum of isomer 2B, a strong absorption observed at 2257 cm −1 is assigned to the C−O stretch, which is absent from the experimental spectrum. The 2A isomer should contribute to the experimental spectrum of n=2.
As shown in FIG. 4 (FIG. 4) . In the calculated IR spectrum of 3B, the frequencies at 2239 and 2373 cm −1 are attributed to the C−O stretch and CO 2 antisymmetric stretch, respectively, of which the former is also not observed in the experiment. It thus appears that isomer 3A is responsible for the experimental IRPD spectrum of [Co(CO 2 ) 3 ] + , whereas isomer 3B can be ruled out.
FIG . 5 shows the results of [Co(CO 2 ) 4 ] + . The lowestenergy isomer is a D 4h symmetrical structure (4A) with four ligands coordinated directly to the metal. The [(OC)Co(CO 3 )(CO 2 ) 2 ] + carbonyl-carbonate structure (4B) lies 246.6 kJ/mol higher in energy than 4A. The CO 2 antisymmetric stretch is predicted at 2370 cm −1 in the simulated IR spectrum of isomer 4A (FIG. 5) , which is consistent with the experiment value of 2366 cm −1 . The calculated IR spectrum of isomer 4B yields the obvious splitting of the CO 2 antisymmetric stretches at 2360 and 2373 cm −1 , whose feature is absent of the experimental spectrum, as well as the predicted C−O stretch at 2238 cm −1 . For n=4 cluster, isomer 4B can be excluded on the basis of the absence of the C−O stretch and the splitting feature of CO 2 antisymmetric stretches from the experiment.
For [Co(CO 2 ) 5 ] + , the lowest-energy isomer (5A) is predicted to be a five-coordinated structure (FIG. 6) . The energetically higher isomer 5B (+250.2 kJ/mol) has stretches (2358 and 2387 cm −1 ). The 5A isomer should contribute to the experimental spectrum of n=5 instead of 5B.
As shown in FIG. 7 , the lowest-energy isomer (6A) of [Co(CO 2 ) 6 ] + cluster has the six CO 2 molecules terminally bonded structure. The [(OC)Co(CO 3 )(CO 2 ) 4 ] + carbonyl-carbonate structure 6B with an external CO 2 is calculated to be +258.3 kJ/mol higher in energy above 6A. The calculated IR spectra of 6A give an intense peak at 2360 cm −1 , which reproduces well the experimental feature. The 6B isomer yields a broader band centered at 2355 cm −1 and an adjacent peak at 2382 cm −1 , whereas the latter is not observed in the experiment. Then, isomer 6A is responsible for the experimental IRPD spectrum of [Co(CO 2 ) 6 ] + . The explanations for the much narrower bandwidth observed for the n=6 cluster include the higher photodissociation efficiency benefiting from the smaller dissociation energy (Table I ) and the highly symmetric geometry.
C. Structural evolution
It can be seen from the above analysis that present calculations for [Co(CO 2 ) n ] + (n=2−6) yielded two types of structures for each cluster. The first type is where the CO 2 molecules are weakly bonded to the Co cation in an end-on linear configuration (labeled nA). The second type is the [(CO)Co(CO 3 )(CO 2 ) n−2 ]
+ carbonyl-carbonate structure (labeled nB). For [Co(CO 2 ) n ] + (n=2−6), the formation of nA structure is energetically favored, whereas that of carbonyl-carbonate structures (nB) is not dominated. Furthermore, the calculated IR spectra of the nA isomers are in agreement with the experimental ones, whereas those of the nB isomers are discrepant from the experimental ones. It thus can be concluded that the Co + cations bind to an oxygen atom of CO 2 in an end-on configuration interaction and the formation of carbonyl-carbonate structures is not favored for the interaction of CO 2 with Co + . The present finding is different from the previous IRPD spectroscopic study of rare gas-tagged [Co(CO 2 ) n ] + -Ar clusters with preferential formation of a core [Co(CO 2 ) 2 ] + structure [32] . This indicates that the tagging of rare gas to the [Co(CO 2 ) n ] + cluster is not innocent, but makes an obvious effect on the vibrational profiles. The reason could be due to that the rare gas remarkably affects the energetic landscape of the weakly-bounded clusters.
The structural features of [Co(CO 2 ) n ] + clusters observed here are reminiscent of of [M(CO 2 ) n ] + (M=Mg, Al, Si, Fe, Ni, Cu, and Ag) [25] [26] [27] [28] [29] [30] [31] 35] . The blue-shift of antisymmetric stretch of CO 2 in these [M(CO 2 ) n ] + clusters from the free CO 2 molecules at 2349 cm −1 decreases with the increase of cluster size, which is due to the coordination of more weakly bound ligands.
V. CONCLUSION
Mass-selected infrared photodissociation spectroscopy combined with quantum chemical calculation was used to study the interactions of cobalt cations with carbon dioxide molecules. The [Co(CO 2 ) n ] + clusters were obtained by the laser vaporization supersonic cluster source and irradiated with infrared laser after mass selection. The results indicated that the Co + ions bind to an oxygen atom of CO 2 in an end-on configuration by a charge-quadrupole electrostatic interaction. For [Co(CO 2 ) n ] + (n=2−6), the carbonyl-carbonate structures is not favored in energy. The comparison of IRPD spectra of [Co(CO 2 ) n ] + clusters with those of Ar-tagged species ([Co(CO 2 ) n ] + -Ar) is discussed.
